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SUMMARY 
Extensive r a d i a t i o n  t e s t i n g  of vertical  j u n c t i o n  (VJ)  s o l a r  cel ls  has  
demonstrated a r a d i a t i o n  to l e rance  b e t t e r  than bo th  p l ana r  s i l i c o n  cells and 
a t  least one type of (A1Ga)As-GaAs ce l l .  Due t o  t rade-of fs  between s h o r t  cir-  
c u i t  c u r r e n t  and open c i r c u i t  vo l t age  t h e  end of l i f e  1 MeV e l e c t r o n s /  
cm2) maximum power p o i n t  i s  n e a r l y  independent of bu lk  r e s i s t i v i t y  between 2 
and 10 ohm-cm, i n c r e a s e s  s l i g h t l y  wi th  inc reas ing  wafer th ickness  between 3 
and 11 m i l s ,  and inc reases  s l i g h t l y  w i t h  inc reas ing  groove depth between 1 and 
3 m i l s .  
SILICON GEOMETRY 
Vertical  j u n c t i o n  s o l a r  cells  are made from wafers  on which narrowgrooves 
The echant  i s  masked us ing  a therm- are formed us ing  a p r e f e r e n t i a l  KOH e t ch .  
a l l y  grown oxide.  The cells  discussed i n  t h i s  r e p o r t  w e r e  made using a mask 
wi th  2.5 micron wide s l o t s  wi th  17.5 micron s t e p  and r epea t .  The geometry i s  
shown i n  F igure  1. The bottom of a groove is  as narrow as 2.5 microns wh i l e  
t h e  t o p  of a groove opens s l i g h t l y  s o  that  a 75. micron deep groove has  a 
groove width of about  5. microns and a w a l l  width of about 12.5 microns a t  the  
top.  
The grooved r eg ion  i s  r a d i a t i o n  t o l e r a n t  because carriers generated i n  
While t h e  narrow w a l l s  need d i f f u s e  only a s h o r t  d i s t a n c e  t o  the  junc t ion .  
tapered  w a l l s  would t r a p  a d d i t i o n a l  l i g h t ,  much of t h e  a d d i t i o n a l  l i g h t  e n t e r s  
the s i l i c o n  below the grooves thereby genera t ing  carriers r e l a t i v e l y  f a r  from 
a junc t ion .  With s t r a i g h t  w a l l s ,  on t h e  o the r  hand, most of t h e  l i g h t  e n t e r s  
t h e  f l a t  tops  of t he  w a l l s .  The cells descr ibed  i n  t h i s  r e p o r t  use s t r a i g h t  
w a l l s  and a double l a y e r  a n t i r e f l e c t i o n  coa t ing  t o  a s su re  h igh  absorp t ion  a t  
t h e  w a l l  tops .  
The wafers  can be  thinned p r i o r  t o  groove e tch ing .  We r e p o r t  h e r e i n  ver- 
t i ca l  j u n c t i o n  ce l l s  of 3 ,  5 ,  7 and 11 m i l s  wafer th ickness .  The f i v e  m i l  
t h i c k  cells  have grooves as deep as t h r e e  m i l s  wh i l e  t h e  t h r e e  m i l  t h i c k  cells 
have only one m i l  deep grooves. 
*Work supported by Wright-Patterson A i r  Force Base, Aero Propuls ion Laboratory,  
Contract  F33615-78-C-2039. 
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DESCRIPTION OF V J  CELLS 
The V J  cells r epor t ed  he re in  w e r e  made wi th  p-type CZ grown s i l i c o n  of 
2 ohm-cm and 10 ohm-cm bu lk  r e s i s t i v i t y .  The j u n c t i o n  was  formed by gaseous 
phosphorus d i f f u s i o n .  A p+ back s u r f a c e  f i e l d  w a s  made us ing  aluminum p a s t e  
a l l o y .  The con tac t s  are titanium/palladium/silver. A double l a y e r  AR coat-  
i ng  is  used,  which f o r  uncoversl ided cells c o n s i s t s  of Ti02 and MgF2. 
Using the above parameters  cells have been made wi th  peak power as h igh  
as 82 mW f o r  a 2 cm q 2 c m  ce l l  (15.1% e f f i c i e n c y ) .  It i s  t h i s  kind of cel l  
whose r a d i a t i o n  to l e rance  i s  descr ibed  i n  t h i s  r e p o r t .  
A new type of V J  c e l l  has  been developed r e c e n t l y  t h a t  uses  bo th  a back 
The r e f l e c t o r  is made s u r f a c e  f i e l d  and a back s u r f a c e  r e f l e c t o r  (BSF/BSR). 
from vacuum evaporated ‘aluminum. 
a l loyed  back i s  thoroughly cleaned i n  H C 1  ac id .  
peak power as high  as 84 mW (15.5% e f f i c i e n c y )  and l o t  averages as h igh  as 
82 mW. 
P r i o r  t o  t h e  aluminum evaporat ion t h e  p a s t e  
The BSF/BSR ce l l s  have had a 
The BSF/BSR cells have n o t  y e t  undergone r a d i a t i o n  t e s t i n g .  
RADIATION TOLERANCE 
A mat r ix  of cells underwent r a d i a t i o n  t e s t i n g .  The cells cons is ted  of 
2 and 10 ohm-cm bu lk  r e s i s t i v i t y ;  3 ,  5, 7 and 11 m i l s  wafer th ickness ;  and 
1, 2 and 3 m i l s  groove depth.  
Laboratory i n  Washington, D.C.  
1014, 3. x 1014, 1. x 1015, 3 .  x 1015 and 1. x 1 O I 6  1 MeV electrons/cm2. 
electrical measurements shown on t h e  graphs w e r e  made using a Xenon l i g h t  
source  c a l i b r a t e d  t o  AMO. The ce l l s  were annea l led  f o r  16 hours  and 60°C. 
The i r r a d i a t i o n  w a s  done a t  the  Naval Research 
The cumulative dosages w e r e  3. x 1013, 1 .2  x 
The 
The maximum power p o i n t  a t  t h e  end of l i f e  (EOL: 10 l6  1 MeV e-/cm2) w a s  
similar f o r  va r ious  resistivities, wafer th icknesses  and groove depths .  This  
is due t o  t rade-of fs  between c u r r e n t  and vol tage .  I n  regards  t o  groove depth 
t h e  deeper grooves have b e t t e r  c u r r e n t  c o l l e c t i o n  b u t  lower vo l t age  f o r  a 
given dosage. Also,  lower r e s i s t i v i t y  cells  have h ighe r  vo l t age  b u t  lower 
c u r r e n t  f o r  a given dosage. 
parameters  are shown i n  F igures  2 ,  3 ,  4 and 5 as a func t ion  of r a d i a t i o n  dos- 
age.  
The s h o r t  c i r c u i t  cu r reh t  f o r  t h e  va r ious  V J  c e l l  
Each c e l l  type  is  represented  by two 2 cm x 2 cm V J  cells. 
I n d i v i d u a l  ce l l  d i f f e r e n c e s  can b e  e l imina ted  by d iv id ing  by i n i t i a l  
electrical measurements. F igure  6 shows t h e  relative s h o r t  c i r c u i t  c u r r e n t  
f o r  11 m i l  t h i c k  V J  cells  and f o r  p l ana r  cells  co-processed w i t h  t h e  V J  cells. 
The open c i r c u i t  vo l t age  f o r  va r ious  ce l l  parameters  are shown i n  Fig- 
u r e  7. The measurements f o r  2 m i l  groove depth are n o t  shown s i n c e  i n  a l l  
cases t h e  r e s u l t s  are in te rmedia te  between t o  1 m i l  and 3 m i l  groove depths .  
Notice  t h a t  t h e  t r end  a t  t h e  end of l i f e  -- 2 ohm-cm, 1 m i l  groove depth is  
h i g h e s t  and 10 ohm-em, 3 m i l  groove depth i s  lowest -- is  e s s e n t i a l l y  t h e  
reverse of the t r end  i n  regard t o  cu r ren t .  
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It i s  i n t e r e s t i n g  t o  look a t  t he  vol tage  as a function of groove depth. 
A s  t he  junc t ion  area increases  the  voltage decreases. A t  f i r s t  thought, one 
might expect the open c i r c u i t  voltage t o  decrease as a logarithmic function 
of junc t ion  area such t h a t  a t en  f o l d  increase  i n  junction area r e s u l t s  i n  a 
60 mV decrease i n  voltage.  
i n s e n s i t i v i t y  t o  junc t ion  area can be explained q u a l i t a t i v e l y  by r e a l i z i n g  
t h a t  the  diode sa tu ra t ion  cur ren t  is  a function of the d i s t r i b u t i o n  and den- 
s i t y  of recombination s inks  r a t h e r  than the  junc t ion  area. Viewed i n  another 
way, minority c a r r i e r s  i n j ec t ed  from one w a l l  junc t ion  may show up a t  the op- 
posing w a l l  ind is t inguishable  from photogenerated carriers. 
The a c t u a l  decrease is about 20 mV. The r e l a t i v e  
The open c i r c u i t  voltage divided by the  i n i t i a l  open c i r c u i t  voltage is  
p lo t t ed  versus r ad ia t ion  dosage i n  Figure 8. 
The maximum power as a function of r ad ia t ion  dosage is shown i n  m i l l i -  
w a t t s  i n  Figure 9 and relative t o  i n i t i a l  values i n  Figure 10. Only 7 m i l  
th ick  wafers are shown s ince  11 and 5 m i l  wafers had very s i m i l a r  r e s u l t s .  
The d i f fe rences  i n  maximun! power a t  the  end of l i f e  can be seen more c l e a r l y  
on a magnified s c a l e  as used i n  Figure 11. The r e s u l t s  f o r  2 ahm-cm and 10 
ohm-cm s i l i c o n  are averaged i n  Figure 11. 
COMPUTER MODELLING 
The damage c o e f f i c i e n t  of the  s i l i c o n  can be  estimated by comparing the  
measured s h o r t  c i r c u i t  cur ren t  with a computer program t h a t  models t he  V J  
cells. The computer model solves the  d i f fus ion  equation i n  two dimensions. 
The computer program takes i n t o  account t he  back sur face  recombination veloc- 
i t y ,  which i n  t h i s  case we assume t o  be 1000. cm/sec. 
t h e  d i s t r i b u t i o n  of photogeneration in s ide  t h e  grooved s i l i c o n .  
The program a l s o  models 
The computer model r e s u l t s  depend on the  d i f fus ion  length r a t h e r  than the 
r ad ia t ion  dosage. The two are r e l a t e d  by equation 1, 
where 0 is t h e  fluence,  K i s  the  damage c o e f f i c i e n t ,  and L i s  t h e  d i f fus ion  
length. By f i t t i n g  the  computer model t o  the a c t u a l  d a t a  w e  deduced a damage 
c o e f f i c i e n t o f  roughly 1. x 10 -10 f o r  2 ohm-cm s i l i c o n  and 4 .  x 
ohm-cm s i l i c o n .  
f o r  10 
The computer model w a s  a l s o  used t o  study deeper groove depths. Four and 
f i v e  m i l  grooves w e r e  found t o  have power t h a t  is  near ly  i d e n t i c a l  t o  th ree  
m i l  grooves. This is cons is ten t  with t h e  measured r e s u l t s  which shows dimin- 
i sh ing  r e tu rns  between two and three  m i l  groove depth. 
2 09 
TILT ANGLE 
An i n t e r e s t i n g  phenomenon i s  t h a t  the  V J  c e l l  cur ren t  increases f o r  s m a l l  
tilt angles. This is p a r t i c u l a r l y  evident a t  the  end of l i f e ,  as shown i n  
Figure 12.  The explanation is t h a t  when t h e  ce l l  is t i l t e d  l i g h t  t h a t  e n t e r s  
t he  groove must r e f l e c t  from the  groove w a l l s  several t i m e s  before reaching 
the  bottom, which enhances l i g h t  absorption i n  the  r ad ia t ion  t o l e r a n t  w a l l s .  
The percentage increase i n  power between 0" and 12.5' tilt is 2.3%, 4.5% and 
9.1% f o r  1, 2 and 3 m i l  groove depths, respec t ive ly .  The r a t i o  of i n i t i a l  
power under d i r e c t  normal i l lumina t ion  t o  EOL power (1016 1 MeV e-/cm2) at; 
12.5O tilt is  59.6%, 64.9% and 67.2% f o r  1, 2, and 3 m i l  deep grooves, respec- 
t i ve ly .  Therefore t h e  V J  c e l l  has t h e  capab i l i t y  of providing even more end 
of l i f e  power by proper o r i en ta t ion .  
CONCLUSION 
Figure 1 3  compares a V J  cel l  with a planar ce l l  and with a (A1Ga)As-GaAs 
cell.  The V J  c e l l  has 2 m i l  grooves, 1 1 m i l s  wafer thickness and 10 ohm-cm 
r e s i s t i v i t y .  The(A1Ga) 
As-GaAs cel l  w a s  reported i n  "High Efficiency Solar Panel, Phase 11, Gallium 
Arsenide", Interim Report, September 77 - January 79, Hughes Ai rc ra f t  Company. 
The planar c e l l  is  s i l i c o n  with 2 ohm-cm r e s i s t i v i t y .  
Since vertical junction s o l a r  cells have shown exce l len t  r ad ia t ion  to l e r -  
ance as w e l l  as good beginning of l i f e  power they should rece ive  ser ious  con- 
s ide ra t ion  f o r  use i n  fu tu re  missions. 
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FIGURE 3.  SHORT CIRCUIT CURRENT vs, FLUENCE, 2 CM x 2 CM 
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FIGURE 4. SHORT CIRCUIT CURRENT vs. FLUENCEj 2 CM x 2 CM 
VJ CELL, 5 M I L S  WAFER THICKNESS 
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FOR FIGURE 6, RELATIVE SHORT C I R C U I T  CURRENT (I/IINITIAL 
VJ CELLS AND PLANAR CELL. 
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FIGURE 7, OPEN CIRCUIT VOLTAGE VERSUS RADIATION FLUENCE 
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1 FIGURE 8, RELATIVE OPEN CIRCUIT VOLTAGE (VA’ IN1TIAL 

















FIGURE 9 ,  MAXIMUM POWER POINT vs,  FLUENCE, 2 CM x 2 CM 
VJ CELL, 7 M I L S  WAFER THICKNESS 
CUMULATIVE DOSAGF 
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FIGURE 10, RELATIVE MAXIMUM POWER POINT ( P / P ~ ~ ~ ~ ~ ~ ~ ~ )  vs,  
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FIGURE 11, END OF LIFE 1 MEV E - / C M ~  
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FIGURE 12, SHORT CfRCUfT  CURRENT VS, 
TILT ANGLE, CELL SPEC- 
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FIGURE 13, RELATIVE MAXIMUM POWER POINT (P/PIN1 IA 
VJ CELL, SILICON PLANAR CELL, AND GA H s t' ELL 
21 7 
